INTRODUCTION
Spawning behaviour in marine demersal fishes is for many species insufficiently known; to a certain extent this also applies to the ecological and commercially important Atlantic cod Gadus morhua L. This broadcast spawner (females release thousands to millions of eggs) is distributed all over the North Atlantic. Major fisheries take place in part on the species' spawning grounds, with the possible conse-tial distributions have recently been reported from spawning grounds in the western Gulf of Maine (Siceloff & Howell 2013) , also encompassing diel and gender-based differences in behaviour (Dean et al. 2014) . Experimental studies of Atlantic cod collected near Sambro, Nova Scotia, and kept in a 60 m 3 tank, after having ensured they were in spawning condition, also showed clear evidence of lekking and vertical separation of the sexes, with males closest to the bottom (Hutchings et al. 1999) . At the other side of the North Atlantic, e.g. along the cod-abundant Norwegian coast, there is only sporadic documentation in the scientific literature of sex ratios and lekking behaviour in natural populations. Nordeide & Folstad (2000) suggested lekking to occur among spawning Northeast Arctic cod in the Lofoten area, and recently, ultrasonic telemetry was used to study how the environment influenced the depth-related behaviour of cod spawning at Austevoll, western Norway, a known spawning ground for Norwegian coastal cod (Meager et al. 2012) .
The migratory Northeast Arctic cod (NEAC) and the more resident Norwegian coastal cod (NCC) represent 2 major and coexisting populations of Atlantic cod that spawn in northern Norway (e.g. Rollefsen 1934 , Bergstad et al. 1987 ). They differ not only in migratory mode but also in settling regimes for 0-group juveniles: NEAC juveniles settle in deep water, and NCC juveniles settle in shallow water (Fevolden et al. 2012) . The NEAC represents today the largest commercial cod stock in the North Atlantic. Its main spawning grounds are off the coast of northern Norway from Vestfjorden (Lofoten) to the relatively shallow banks off Troms and Finnmark counties, with a tendency towards a more northeasterly spawning in recent years due to climate warming (Sundby & Nakken 2008) . The NCC stock, much smaller in size, has spawning grounds in part overlapping with those of NEAC, but also spawns at longknown local spawning sites within fjords (Jakobsen 1987) . Whereas the NEAC larvae and 0-group juveniles drift northeastward with coastal currents and eventually up into their nursery grounds in the Barents Sea (Bergstad et al. 1987) , NCC tend to remain within the fjords where they were spawned or at least show a high degree of homing to their own fjord (Skjaeraasen et al. 2011) .
Many means and methods have been used to separate these 2 stocks, from the earliest fishermen's categorization of the slim look of the long-distance swimmer NEAC versus the more stout appearance of the homebound NCC, via biometric markers such as otolith shape (Rollefsen 1934) , to an array of molecular genetic markers (reviewed by Nordeide et al. 2011) , and finally to the most recent studies using single nucleotide polymorphisms (SNPs) (Moen et al. 2008 , Karlsen et al. 2014 . One marker stands out as more successful in distinguishing the 2 stocks than others, namely the scnDNA locus coding for pantophysin (Pan I). Pantophysin was first described as a major synaptic vesicle protein (Haass et al.1996) , but is also identified in non-neuronal tissues (e.g. Brooks et al. 2000) , and thus does not necessarily act as a neurotrans mitter. Its function has so far been poorly understood, but recent studies have revealed that the Pan I locus resides within the linkage group 1 in Atlantic cod (Borza et al. 2010 , Hemmer-Hansen et al. 2013 ). This linkage group comprises several genes that show large divergence between NEAC and NCC, one of them being rhodopsin, whose variability is influenced by light conditions and seems to be strongly linked to Pan I (Andersen et al. 2015 , Pampoulie et al. 2015 .
NEAC and NCC were first included in a transAtlantic study using this locus (termed GM798 at the time) by Pogson et al. (1995) , and shortly after in a comparison between cod caught in several fjords and those caught offshore in northern Norway (Fevolden & Pogson 1997 ; locus then termed Syp I). During the almost 2 decades that have since passed, a series of papers have included Pan I in comparative studies of these 2 stocks (see Fevolden et al. 2012 for the most recent overview). Two major features have emerged from these studies: (1) the 2-allelic class system of Pan I (Pogson & Fevolden 2003 ) is dominated in NCC by the Pan I A class (≈80%) and in NEAC with correspondingly high or even higher frequencies of the Pan I B allelic class (e.g. Sarvas & Fevolden 2005a , Fevolden et al. 2012 , and (2) whereas the Pan I frequencies over the years are stable in NEAC, they tend to vary both over time and space in fjords, an attribute claimed to be due to variable intermingling of NEAC and NCC within the coastal/fjord system (Sarvas & Fevolden 2005a ,b, Westgaard & Fevolden 2007 .
During a research cruise to various spawning sites of coastal cod in 2002 we noticed an extreme skewed sex ratio of cod sampled with bottom trawls. One of these sites was Aursfjord in Malangen, just south of Tromsø. We decided to repeat sampling of cod at this site for the forthcoming years to see whether this sex skewness was consistent over years. In 2007 the catches had become very low due to a general decline in the size of the coastal stock over this period, and the yearly sampling was terminated. There were, however, signs of a gradual revitaliza-tion of the coastal cod stock and the specific spawning site was revisited in 2013. For comparison, a second spawning site in the neighbouring Balsfjord was sampled in parallel with Malangen for the first 5 sampling years.
We believe observations of skewed sex ratios on Atlantic cod spawning grounds along the coast of Norway to be plentiful among fishermen, but since there is an apparent lack of documentation in the scientific literature, the first aim of this paper is to report extreme and stable male-skewed sex ratios at small inshore spawning sites stretching over an 11 yr (Malangen) or 5 yr (Balsfjord) sampling period. The second aim is to demonstrate an unusually stable frequency of the 2 Pan I allelic classes in cod spawning at one of these sites that is in close vicinity of spawning NEAC, providing clear evidence that this is a spawning site exclusively for NCC.
MATERIALS AND METHODS
Aursfjord in Malangen (69°17.71' N, 18°38.90' E) is located 30 nautical miles (nm) SW of Tromsø and 26 nm away from the open Atlantic Ocean (Fig. 1) . The length of the trawling stretch was approximately 1.5 nm and the average depth is approximately 68 m. The Bergneset sampling site (69°15.35' N, 19°22.35' E) in the neighbouring Balsfjord is located 31 nm directly south of Tromsø, the trawl stretch was approximately 0.9 nm and the average depth is 90 m. Standard trawling time was set to 20 min at 2 knots using a bottom trawl with 50 m distance between the doors, an opening height of 8 m, and a cod-end mesh size of 38 mm. Length, weight, gutted weight, sex and maturity stage were recorded for all fish (n = 541 in Aursfjord, n = 454 at Bergneset). Only length was used as a measure of size herein. The maturity scale used was as follows: 1 = immature (no visible eggs or milk), 2 = mature (eggs and milk clearly visible), 3 = running (in spawning condition), and 4 = spent. The spawning season for cod in the survey area is known to stretch from February to May, with a peak in late March to early April (Falk-Petersen 1982) .
To categorize the fish as either NCC or NEAC, in 6 of the 7 sampling years in Malangen and 3 of the 5 sampling years in Balsfjord, the fish (n = 428 and 300, respectively) were analyzed for variation at the locus coding for pantophysin (Pan I). DNA was extracted from ethanol-preserved gill tissue sampled from each fish onboard the ship immediately after each catch. DNA from samples up until 2007 was extracted by a modified salt lysis extraction method (Fevolden & Pogson 1997) . DNA from the 2013 sample was isolated using the E-Z 96 Tissue DNA Kit (OMEGA Biotek) following the manufacturer's instructions. The 2-allelic-class (A and B) Pan I locus (Pogson & Fevolden 2003 ) is in itself an SNP, since a 1-nucleotide substitution decides the presence or absence of a Dra-1 restriction site. The locus was analysed by a PCRbased method (Fevolden & Pogson 1997 ). The 2013 sample was analysed including Pan I on a multiplex of microsatellites and genotyped upon fragment analyses on an ABI 3130XL sequencer (Applied Biosystems) according to Stensvik et al. (2006) .
Proportions of the 2 sexes were calculated as the number of individuals of each sex divided by the total number of all fish, and 95% confidence intervals of proportions were estimated according to Zar (1999) . The Mann−Whitney U-test was used to compare 2-group samples. Relationships between fish length and different explanatory variables (sex, year, genotype) were estimated by general linear models (GLMs) in Systat (V. 13.1). Boxplots in Systat were used to describe length distributions in the various samples.
Allele frequencies, conformity to Hardy−Weinberg equilibrium, as well as observed and expected heterozygosities were calculated using Genepop 4.1.4 (Rousset 2008). Wherever multiple tests were performed, the significance level was adjusted according to the false discovery rate (FDR) approach (Benjamini & 
RESULTS

Malangen Aursfjord
Pronounced male-biased sex ratios were observed in all 7 sampling years ( Table 1 ). In 6 of those years, between 8 and 9 out of 10 fish were males. The least skewed sex ratio, 6.5 males out of 10, was observed in the year with the earliest sampling date (2004, 23 February) . The majority of the fish were sexually mature in all 7 survey years. Those still immature (n = 24 in total) and unlikely to spawn that season did not display male-skewed sex ratios (average proportion of males = 0.46), making the proportion of males among mature fish in some years even slightly higher than for the total sample set (Fig. 2) . The highest proportion of immature fish was also in the year with the earliest sampling date (2004; Table 1 ). The highest proportion of fish in spawning mode or spent (maturity stages 3 and 4) was in the year with the latest sampling date (2013, 22 April) .
The size of the fish caught at this spawning site varied among sampling years for both sexes (Fig. 3) , but did not correlate with different sampling dates each year. In 5 of 7 years females were larger than males (Table 1) , for mature fish significantly so only in 2002 and 2003 (Mann-Whitney U-test, p < 0.01). In 2013, the males were significantly longer than the 5 females encountered that year (Mann-Whitney Utest, p = 0.04). A GLM indicated that length varied significantly with sex, year, and the interaction of sex and year (Table 2 ). There was no consistent sex difference in maturity, only that females found in 2004 (χ 2 = 7.00, df = 1, p = 0.008) and the mere 5 caught in 2013 (χ 2 = 11.8, df = 2, p = 0.003) were less mature than their male counterparts.
Pan I allele frequencies were extremely stable throughout the sampling period, with the Pan I (Table 3) . Observed heterozygosities varied around 20% and were in no cases significantly different from those expected under Hardy-Weinberg equilibrium (Table 3) . Pairwise F ST estimates for the Malangen samples (Table 4) 
Balsfjord Bergneset
On average, 9 of 10 fish caught at Bergneset were males, both for the total sample set (Table 1 ) and for the mature fish only (Fig. 2) . The number of immature fish here was higher than in Malangen (n = 62), and samples exhibited higher male-skewed sex proportions than the Malangen immatures (0.69 versus 0.46). All samples but one from early April (2002) were taken in March, and as in Malangen, the proportion of immature fish was highest at the earliest sampling date (5 March 2004). Also as in Malangen, this earliest sample was the one with the highest proportion of females (20%), which displayed a significantly lower maturity rate than the males that year (χ 2 = 12.4, df = 2, p = 0.002), as did females in 2005 (χ 2 = 14.4, df = 2, p = 0.0007). In the 3 other survey years there was no gender-specific difference in maturity rate.
As in Malangen, differences in size among survey years were evident for both sexes (Fig. 3) , but no significant difference in size between sexes was observed for single years (Mann−Whitney U-test, p > 0.05,). When all Balsfjord samples were considered together, however, a significant sex influence on length was revealed, with females being longer than males (GLM: length = constant + year + sex; F = 4.8, df = 1.384, p = 0.029).
The Balsfjord samples differed from those of Malangen in Pan I allele frequencies. The proportion of the Pan I A allele was lower and varied between 67 and 78% for the 3 years for which Pan I data are available (Table 3) . Observed heterozygosities were higher in Balsfjord than in Malangen, but none of the samples were out of Hardy−Weinberg equilibrium. Pairwise F ST estimates were significant when the 2002 and 2003 samples were compared, and 13 of 15 comparisons between Balsfjord and Malangen samples were significant ( ). Pan I AA homozygotes were smallest, Pan I AB heterozygotes were intermediate in length and the Pan I BB homozygotes were the longest. Length of mature female cod did not vary with Pan I genotype, but when males and females were pooled there was again a significant effect of Pan I genotype on length (GLM: F = 13.55, df = 2, 225, p = 3 × 10 −6
; Fig. 4) . Also for the immature cod, Pan I BB homozygotes were longer than the other genotypes (GLM: F = 3.94, df = 2, 44, p = 0.026). There was no indication of genotype−maturity interactions in Balsfjord.
DISCUSSION
Two major findings emerged from this study: (1) large male-biased sex ratios, consistent over years, occur at small-scale inshore spawning grounds for Atlantic cod in northern Norway, and (2) the cod spawning at one of the 2 sites studied herein, Aursfjord in Malangen, are exclusively of the Norwegian coastal cod type. The topography of this spawning ground comprises a relatively flat bottom with an average depth of approximately 68 m surrounded by upward slopes of various slope angle on all sides. In a study of spawning cod in Vestfjorden (Lofoten area), it was suggested that female cod dived into ag gregations of males when they were ready to spawn and then disappeared again after having spawned (Nordeide & Folstad 2000) . This is similar to what we believe happens in Aursfjord, where the females reside somewhere up in the slopes, and dive into the bottom shoaling males on an individual basis, not as promiscuous group spawners.
A somewhat different scenario was described on spawning grounds at the Grand Bank and Scotian Shelf/Bay of Fundy. There, both male-and femaledominated shoals of Atlantic cod were observed, the females in deeper water than the males (Morgan & Trippel 1996) . More females were in spawning condition when caught in the male-dominated shoals. In the female-dominated shoals, more of them were spent, making the authors suggest that after having visited the male aggregations and spawned, females return to deeper and warmer water.
Where the females go after having spawned in Aursfjord is unclear. Since the Atlantic cod is a batch spawner, the females may temporarily remain in the slopes above the flat bottom, which would enable them to mate repeatedly with additional males, supposedly displaying a female controlled mate choice, as described by Hutchings et al. (1999) . After the last dive into the male shoal, the females may eventually cross the shallower areas and escape into deeper water in the main Malangen fjord. However, during the 15 years studying Atlantic cod in this particular area, we have never encountered female-dominated shoals in the vicinity of Aursfjord, either in the spawning season or at other times of the year. In Balsfjord, in contrast, where sex ratios at the Bergneset spawning site were just as profoundly skewed as in Aursfjord, a nearby trawling ground (Svartneset; Fig. 1 ) displayed female proportions varying between 51 and 76% in 5 sampling years (2003−2006 and 2013; authors' unpubl. data) . This site is not considered a spawning area and is much deeper (185 m) than Bergneset. Thus, such localities could represent a post-spawning escape for spent females.
The fact that females in 5 of 7 survey years in Aursfjord were larger on average than the males could of course indicate that the older females get ready to spawn earlier than the younger ones, which is consistent with reports from coastal Newfoundland waters, where older females spawn earlier but also later than younger females (Lawson & Rose 2000) . The measures of maturity stage during the present survey showed no conclusive trend other than that the least mature fish were encountered in the years with the earliest catch, and the highest proportion of fish in spawning condition, or already spent, were encountered in the years with the latest catch. Spawning of Atlantic cod in these waters is known to continue at least into May (Falk-Petersen 1982) . The least skewed sex ratio for both fjords was also at the earliest sampling dates, suggesting the presence of individuals in pre-spawning condition, when the sexes have yet not fully segregated.
In a large-scale survey of a heavily exploited stock of cod in the Irish Sea, male-skewed sex ratios were observed on the spawning grounds, whereas commercial midwater trawl catches of cod in the same area had equal or even female-biased sex ratios, suggesting that males and females have different vertical migration behaviour (Armstrong et al. 2004) . From Placenthia Bay, Newfoundland, male-skewed sex ratios were observed on a small-scale spawning ground (25 km 2 ) in 5 of 6 survey years early in the season (Windle & Rose 2007) . The proportion of spawning females and spent males were significantly higher in the male-dominated fishing sets, whereas sets with equal sex ratios had significantly higher proportions of immature males and spent females. Those surveys provide solid evidence consistent with the hypothesis that there is lekking behaviour in spawning Atlantic cod on both large-scale and small-scale spawning grounds. The present study adds to this by demonstrating that this is indeed true also for what might be called local micro-scale spawning grounds.
The ability of the Pan I locus to distinguish between the 2 major stocks of Atlantic cod that occur in coastal and offshore waters in northern Norway was first demonstrated 2 decades ago , Fevolden & Pogson 1997 . In the early days of using this locus as a genetic marker some debate arose due to its selective mode, but this was before the advantage of using markers with selective adaptability in revealing population divergences was fully acknowledged.
The more stationary and smaller NCC stock has high frequencies (≈80%) of the Pan I A allelic class, whereas the migratory and far larger NEAC stock possesses very high frequencies of the Pan I B allele class (≥90%) (e.g. Sarvas & Fevolden 2005a , Fevolden et al. 2012 . A complicating factor in nearshore waters in northern Norway, even within fjords, is that the migratory NEAC may intermingle with NCC, giving the impression that populations with intermediate Pan I allele frequencies exist. This possibility cannot be dismissed, but the major reason for variable Pan I allele frequencies in catches of cod from these waters, both spatially and temporally, is probably attributable to varying proportions of NEAC and NCC in the catches. This holds true for both adult fish (Sarvas & Fevolden 2005a ,b, Westgaard & Fevolden 2007 ) and 0-group juveniles (Fevolden et al. 2012) .
The Balsfjord population has previously been shown to exhibit temporal variation in Pan I allele frequencies (e.g. Sarvas & Fevolden 2005a) . The innermost known spawning site of that fjord, Bergneset, displayed sex ratios that were at least as skewed as in Malangen (9 of 10 fish on average over all study years were males) but the Pan I A frequencies were lower, down to 57% one year, as compared to the steady 90% in Malangen. It is difficult to say whether the Pan I BB genotypes, typical of NEAC, caught in Balsfjord were actually potential spawners or were accidental roamers that just happened to be there at the time of trawling. Based on allele frequencies and Hardy−Weinberg expectations of genotype distribution (see Table 3 ), there is no sign of a Wahlund effect (mixing of populations with different allele frequencies) in the present Balsfjord samples. No difference among genotypes in maturity stage was observed. The fact that the Pan I BB homozygotes were larger than the other genotypes could indicate that they belong to a different population than the local one.
More intriguing is the observation that the heterozygotes both in Malangen and Balsfjord also were larger than the Pan I AA homozygotes, albeit in line with previous observations both for adult (Fevolden & Pogson 1995) and juvenile (Fevolden et al. 2012) cod, providing conditional support for a heterosis effect.
It has been reported that male cod that are more than 25% longer than spawning females have a lower probability of fertilizing eggs compared to males more similar in size to the females (Rakitin et al. 2001 , Bekkevold et al. 2002 . The mean differences in length between females and males found in the present study were smaller than this, and females were often larger than males, suggesting that sexrelated size differences were unlikely to act as spawning barriers within the present coastal cod populations. However, the NEAC becomes sexually mature at a much larger size (ca. 70−80 cm) than the NCC (45−50 cm) (Berg & Pedersen, 2001) , and these size differences may limit interbreeding between the two. It is well known that the NCC stock will also spawn at some of the larger offshore spawning grounds for the NEAC stock in northern Norway, e.g. Lofoten, but there is limited evidence that the 2 groups interbreed. Spawning of NEAC inside fjords remains to be documented. The mere presence of cod with NEAC signatures at the Pan I locus in a fjord sample was suggested above to be the most likely reason for variable Pan I allele frequencies. The divergent and variable Pan I allele frequencies in the present Balsfjord samples cannot, however, be taken as unambiguous evidence for mechanical mixing of populations. In contrast, the extremely stable and high Pan I A frequencies in all 7 survey years in Aursfjord Malangen indisputably demonstrate absence of population mixing at that spawning ground. So, in conclusion, this survey has shown that Atlantic cod spawning at a very small-scale spawning ground, and being of the NCC gene pool, employ lekking behaviour at spawning that may be very comparable to that of large commercial stocks of cod spawning at offshore banks and in seas. Thus, spawning behaviour of cod may represent an adaptive feature that has evolved across populations, in contrast to settling regime and migratory behaviour, which differ between populations of high Pan I A or Pan I B frequencies both in Norwegian (Sarvas & Fevolden 2005a , Fevolden et al. 2012 and Iceland/Greenland waters (Pampoulie et al. 2008 (Pampoulie et al. , 2011 . Although spawning behaviour seems to be similar across populations dominated by each of the 2 Pan I allelic classes, there is no evidence to suggest when this feature evolved in the 2 million year old (Pogson & Mesa 2004) history of the 2 Pan I alleles. The adaptive success of the evolvement has, however, been upheld into modern times.
The different spatial behaviour patterns of males and females at spawning grounds combined with the recognized different vulnerability of sexes in the various fishing gears used at spawning grounds (Rollefsen 1953 ) may have unforeseen management consequences. Disruption of Atlantic cod spawning aggregations has been reported from gill-net fisheries (Dean et al. 2012) , and it seems quite obvious that extensive use of any type of bottom-based fishing gear targeting small-scale spawning aggregations such as those studied herein would lead to a male-biased exploitation and possible depletion of the local population. 
